, but another option is available in a different geometry: if the current is perpendicular to the interface, the strong internal electric fields generated at back-to-back heterojunctions can be used for oxide electronics, analogous to bipolar transistors 7 . Here we demonstrate a perovskite heteroepitaxial metal-base transistor 8 operating at room temperature,
two Schottky junctions are formed. The heteroepitaxial structure studied here (Fig. 1a) consisted of a manganite metal layer between titanate semiconductors. The fundamental transport process of a metal-base transistor is parameterised by the current gain α, the ratio of the collector current I C to that injected from the emitter I E
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. Ideally, I C is dominated by current transferred from the emitter, resulting in typical transistor operation as a current source with large output impedance at the collector. In practice, however, leakage current at the base-collector (BC) junction may contribute to I C , which reduces output impedance substantially, even inhibiting transistor operation at room temperature in some cases 19 .
This issue appeared in the present study, as seen from the current-voltage characteristics of the BC and base-emitter (BE) junctions at 300 K (Fig. 1b) . Rectifying behaviour indicates Schottky diodes are formed at both interfaces. In the active mode of the transistor, the BC diode is reverse-biased to electrically isolate the collector from the base, and the BE diode is forward biased to inject carriers. It is evident that the leakage current at the BC junction (red arrow) is as large as the injection current at the BE junction (blue triangle). As a result, no significant transconductance could be found in devices using this geometry.
To suppress this leakage current, the BC junction barrier height was raised by atomically engineering the BC interface 9 . Prior to depositing La 0.7 Sr 0.3 MnO 3 onto the Nb:SrTiO 3 substrate, a single unit cell of SrMnO 3 was deposited to change the termination layer at the interface, creating extra interface dipoles that increase the BC Schottky barrier height 20 . These interface dipoles arise to screen the polar discontinuity at the interface, switching sign for the two different atomic terminations of the Nb:SrTiO 3 . This suppressed the leakage current by more than four orders of magnitude ( Fig. 1c) , far below the injection current at the BE junction. For our purposes, SrMnO 3 was preferable to SrO insertion, both due to the higher reliability of controlling the interface termination, as well as preserving the height of the BE junction to maximize current transfer (SrO would expose the La 0.7 Sr 0.3 O surface at the BE interface).
Combining these interface-engineered junctions allows for successful transistor operation at 300 K (Figs. 2 and 3 ), the first demonstration of a manganite metal-base transistor. The effective emitter-collector barrier can be visualised as the saddle point in the potential contour of the microscopic current path (Fig. 3e) , which is characteristic of permeable-base transistors (PBT) 11 . Current transfer in a PBT is determined by a current path controlled by the potential profile in the base. The barrier was quantified by measuring the common-base transfer curves at 10 K for a given V CB varied across ± 0.6 V (Fig. 3c) . The effective barrier height (|V EB | at the onset of I C ) decreased linearly by applying a positive V CB . This variability is a typical feature of PBTs, also causing partial screening in the base (Fig. 3a) . The PBT shown in Fig. 3 has significantly higher current gain than the HET in Fig. 2 , but still less than unity. By going further into the permeable-base regime, the gain is further increased. Figure 4 shows the case for a PBT with α very close to 1, for which the common-emitter current gain β is measured to be ~ 250.
The output characteristics in Fig. 3a can be quantitatively described in a simple model. We define ( ) 
(1)
Since the barrier current and hence I C is determined by the difference in ( ) CB EB ,V V Φ and V EB , I C can be generalised as
by using a suitable function [ ] 
where I 0 is the prefactor of the exponential behaviour shown in Fig. 3b, k Fig. 5a indicates that the dispersion in transistor characteristics measured in all devices can be well described as the evolution from a HET to a PBT.
To corroborate this picture we analyse the dispersion of α, which was found to be proportional to A in Eq. 4 (Fig. 5b ). In the simple SCLC model, I C is expressed as
where S is the cross-sectional area of the current path, ε is the permittivity, µ is the carrier mobility, and d is the length of the current path 23 . Assuming ε, µ, and d to be constants, the observed dispersion in α can be This indicates that further downscaling of these relatively large structures should shift device yield to the hot-electron regime. Recently developed manganite nanolithography techniques 24 could then be used to controllably tune the base permeability.
In summary, the present work demonstrates a new three-terminal device platform for perovskite oxide heterostructures, which should provide useful for hot-electron spectroscopy of heterostructures incorporating strong electron interactions and quantum wells 25 , as well as magnetically active junctions 26 . In the hot-electron regime, the low current gains are far from commercial relevance as basic transistors, and they are comparable to those of metal-base spin-valve transistors 27 . With further improvements, the epitaxial and thermodynamic compatibility of metallic, semiconducting, and other multifunctional states in perovskites may provide an avenue to overcome scattering and defects arising at conventional metal/semiconductor interfaces.
Methods
The transistor structure was based on (001)-oriented SrTiO 3 /La 0.7 Sr 0.3 MnO 3 /Nb:SrTiO 3 trilayers which were grown by pulsed laser deposition 28 . On TiO 2 -terminated 
